III-V nanostructures have the potential to revolutionize optoelectronics and energy harvesting. For this to become a reality, critical issues such as reproducibility and sensitivity to defects should be resolved. By discussing the optical properties of MBE grown GaAs nanomembranes we highlight several features that bring them closer to large scale applications. Uncapped membranes exhibit a very high optical quality, 1 arXiv:1704.08477v1 [cond-mat.mes-hall] 27 Apr 2017 expressed by extremely narrow neutral exciton emission, allowing the resolution of the more complex excitonic structure for the first time. Capping of the membranes with an AlGaAs shell results in a strong increase of emission intensity but also to a shift and broadening of the exciton peak. This is attributed to the existence of impurities in the shell, beyond MBE-grade quality, showing the high sensitivity of these structures to the presence of impurities. Finally, emission properties are identical at the sub-micron and sub-millimeter scale, demonstrating the potential of these structures for large scale applications.
which precludes the proper control of the response of an ensemble of nanowires.
Recently, alternative approaches to obtain defect-free nano structures have been proposed. Particularly promising is the inversion of polarity from B to A as well as template assisted and nano-membrane assisted selective epitaxy (TASE and MASE, respectively). All these techniques provide defect free III-V nano structures by blocking the formation of twinning defects. [38] [39] [40] [41] [42] [43] An additional advantage of these approaches is the possibility to engineer the shape, so that membranes, 43 sails 42 or sheets 39, 41 can be grown. Nanoscale membranes show relatively long minority carrier diffusion length of 180 nm at 4.2 K, which is significantly larger than the diffusion lengths found in nanowires. 40, 41 Moreover, by introducing passivation and/or doped structures, the design can be further sophisticated. 40, 41 The transfer of NW optoelectronic devices to industry requires achieving highly reproducible and uniform structures through a large surface area, so that the properties of ensemble and single object are indistinguishable. For instance, in photoluminescence this implies indistinguishability in terms of line width and emission energy and spectral shape. Growing the nano structures using TASE and MASE turned out to be the most promising direction to achieve large area highly uniform systems.
In this work we demonstrate, by using optical techniques, that GaAs nanoscale membranes provide the settings for extremely high quality nanostructures, both from the structural and functional point of view. We elucidate how the improvement in functional properties is homogeneous across the whole wafer. This shows the potential of these nanostructures for nanotechnology and opens the path towards large scale nano-manufacturing. Furthermore, we provide very strong evidence that capping of the membranes, despite increasing the emission efficiency, unexpectedly leads to the degradation of their optical properties.
Nanomembranes have been grown using selective area epitaxy (for growth details see methods and reference 43 ). In Fig. 1 (a) a tilted SEM image of a GaAs nanomembrane array consisting of 10µm long and 100 nm wide nanomembranes with 500 nm pitch, used in the further optical experiments, are shown. Pitch is defined as the distance between the mem- branes, as depicted in Fig. 1(b) . Nanomembranes are oriented in 211 direction which is perpendicular to (111)B and (110) directions and expose the facets shown in Figure 1 (c).
Most of the facets belong to {110} family except high index top facets of (113) and (131).
Adjusting the membrane orientation to 211 and growth conditions, it is possible to obtain pure zinc-blende structures with high-aspect ratio with Molecular Beam Epitaxy (MBE).
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Detailed growth conditions are given in the Method section. The reported shape is the result of an hour growth with 1Å/s growth rate. If growth is continued long enough, the morphology of the membrane evolves into a triangular shape. During the growth of AlGaAs shell the (110) facet transforms to (221).
Typical normalized µPL spectra of a single uncapped GaAs and capped GaAs/Al x Ga 1−x As nano membranes are presented in Fig. 2(a) . For the capped membranes the data have been taken for three different compositions of the shell (x = 15, 33, 50%). Overall, the emission spectra are composed of two bands, around 1515 and 1490 meV. The higher energy band corresponds to the band-edge luminescence of the GaAs membranes, while the lower energy emission can be attributed to the donor acceptor transitions due to carbon impurities normally present in commercial GaAs substrates, 44, 45 which was further observed in detailed cathodoluminescence studies. Our spectra are comparable to previously reported optical emission in nano membranes with 33% Al composition in the shell. 43 The peak related to the carbon impurities can be used as a reference for the luminescence intensity. After capping, the emission from the GaAs membrane increases dominating the carbon related PL.
The dramatic increase of the emission from the membrane is a direct consequence of the surface passivation that reduces the non radiative surface recombination.
The detailed nature of the emission is very different for capped and uncapped samples. In the inset of Fig. 2(d) we plot the FWHM versus the shell Al content for an excitation power of 10µW. The linewidth is multiplied by roughly a factor of 5 between the uncapped membrane and the membrane with a 50% Al content cap layer. Thus, while capping the membranes reduces non-radiative surface recombination, leading to enhanced neutral exciton emission, it also detrimentally affects the optical properties of the GaAs core, leading to a significantly broadened emission.
We turn now to the effect of the red-shift of the excitonic emission upon capping the membranes with AlGaAs. In fact, a similar effect has been observed previously for a simple AlGaAs/GaAs interface, 23, 49 InP nanowires, 50 and for GaAs nanowires capped with AlGaAs shell . 24, 26, 27 For simple AlGaAs/GaAs the band bending at the interface forms a pocket for the electrons or holes . 23, 49 Such confined carriers at the interface will recombine with the free carriers (of the opposite species) in the valence or conduction band at a sufficient distance from the interface that flat-band conditions have been re-established. As the charges are spatially separated, emission has a spatially indirect character and is red shifted in comparison to the simple excitonic emission observed in uncapped GaAs. Moreover, the band bending can be screened by photo created carriers decreasing the overall effect with the increase of the excitation power. For InP nanowires a similar picture has been proposed, where the band bending was induced by a pinning of the Fermi level. 50 Finally, for GaAs nanowires capped with AlGaAs shell, the mechanism of the band bending can be enriched by strain, related to the shell thickness. 26, 27 However, the strain plays a significant role only for rather thick shells. In the case of the nano membranes the core is much thicker than the shell. Additional confirmation of the negligible role of the strain in our structures is given by the Raman spectroscopy. If the shift we observe originated from strain, it would imply a significantly lower Al composition than the nominal composition. 51 Our Raman measurements, (see SI), confirm that the Al composition corresponds very well to the nominal composition in the nano membranes and the lack of strain in the membrane core.
We attribute the observed red shift of the emission to the indirect nature of the exciton recombination at the capping interface. Due to residual doping in the AlGaAs shell, band bending occurs at the AlGaAs/GaAs interface. To this end, we illustrate in Fig 3(a) . This contamination is still better than the purity specifications of MBE-grade Aluminum, 6N5, which implies that nanostructures are much more sensitive than bulk structures to impurities. Thus, the optical response of high quality nano structures provides a sensitive means to detects extremely low levels of impurities. The red-shift of the luminescence at high excitation powers is larger for higher Al content (see Figure 3(a) ). This shows, that the band bending increases with the Al content in the shell as the exciton recombination becomes more indirect.
Our observations are further supported by the simulation of the band bending at the AlGaAs/GaAs interface by solving Poisson and Schrödinger equations self-consistently with the software nextnano3. In the model we have included the presence of p-type interface states between GaAs and AlGaAs shell, which increases with increasing Al content. Our experimental data fits well with 2 × 10 9 , 6 × 10 9 and 8 × 10 9 cm −2 interface dopants for an Al concentration of 15%, 30% and 50% respectively. Fig. 3(b) shows the resulting band bending at the tip of the membrane as a function of the distance to the surface and for the three Al contents. Here is evident the presence of a triangular potential in the valence band at the interface GaAs/AlGaAs where holes can be trapped. We can also observe an increase of the height of the potential with Al content, which results in a red-shift of the indirect transition. The small blue shift observed at low powers, which saturates around 10µW has been also observed for GaAs nanowires capped with AlGaAs shell 26, 27 and it was associated with the presence of some negatively charged traps at the interface, which are filled by photo created carriers in the AlGaAs shell, which migrates towards interface. Once filled, they can no longer modify the band bending at the interface, which explains the saturation of the blue-shift of the emission energy above 10µW, indicating that the band bending is the dominant effect in our nanomembranes.
The special geometry of the nanoscale membranes requires some further modeling. First, the non-flat geometry of the interface should result into a spatially dependent band bending.
In addition, the vertical nature of the membranes can additionally lead to non-homogeneous light absorption. probed locally, the probed region can contain non homogenies band bending leading to the broadening of the emission peak. This is in perfect agreement with the observation that the effect is the strongest for the highest Al composition.
Finally, we come to perhaps the most striking and novel property of these nano membranes, namely their reproducibility and large scale uniformity. While epitaxial MBE pro- vides highly uniform growth, this is not the case for the self organized growth of quantum dots or NWs, where nucleation events in growth follow poissonian statistics that lead to a distribution in the properties. As an example, in NWs this leads to a twinning or stacking fault density that varies from NW to NW (complete defect-free structures are rare). As a result, the optical properties vary from NW to NW and macro-photoluminescence measurements of the ensemble normally do not match micro photoluminescence of a single NW.
We have recently shown that MBE growth using selective area epitaxy can produce arrays of defect free nano membranes. 43 However, optical investigations were limited to PL of a single nano membrane so that the uniform optical properties of an ensemble has never been demonstrated.
To demonstrate large scale uniformity, we compare the emission spectra of a single membrane with the ensemble emission of around 250 membranes measured using macro PL, achieved here by defocussing the laser spot. Representative PL spectra are shown in Fig. 4 for the capped and uncapped membranes. Defocussing increases the contribution of the substrate which is reflected in the slightly increased amplitude of the carbon related emission which can be seen in Figure 4 . The substrate PL is dominated by the carbon related emission and free exciton emission is not observed from the substrate. We have mapped the luminescence properties of the membranes by cathodoluminescence in a previous work. 43 These measurements confirm that the carbon-related peak originates solely from the substrate.
Surprisingly, the PL originating from single membrane is almost identical to the ensemble emission. The carbon impurity emission is slightly enhanced in the ensemble emission of the capped samples ( 20% for the 50% Al membrane). This is probably due to the inhomogeneous distribution of the carbon impurities across the substrate. In contrast, the neutral exciton emission is strictly identical in both the energy of the emission and the line width for all samples. In the uncapped sample, the neutral and bound exciton emission is also almost indistinguishable (see inset Figure 4 (a)). The identical emission from a single and an ensemble of membranes unequivocally demonstrates the very high quality of the crystal structure and extremely high reproducibility of the nano membranes, which has never been observed for the classical radial nanowires. Moreover, data measured at different places on the same membrane, and on different membranes, vary very little in intensity, energy position or line width, suggesting an excellent crystal quality of the uncapped membranes.
In conclusion, we have demonstrated luminescence properties of GaAs membranes which are on a par with the best two-dimensional layers obtained with MBE. Upon capping of the membranes with an AlGaAs layer the PL emission is strongly enhanced, but also unexpectedly accompanied by a degradation of the optical properties with a significant broadening of the exciton emission. Capping also leads to a red shift of the emission which has been Nominal thickness of AlGaAs shell is always 50 nm and it is protected with 10 nm of GaAs against oxidization. Aluminum ratios and nominal AlGaAs layer thicknesses are deduced from RHEED calibrations performed on (100) GaAs substrates.
For the measurements the samples were placed in a helium flow cryostat with optical access. The cryostat was mounted on the motorized x−y translation stages, which allows high resolution spatial mapping. A microscope objective 50× with a numerical aperture NA = 0.55 was used to focus the excitation beam and collect the PL from the nano membranes. The laser spot could be focussed down to a diameter of 0.5µm (diffraction limit), which enabled us to optically address single (or a maximum of two in a worst case scenario). To investigate many membranes the laser spot was defocussed. The steady-state µPL signal was excited with a 532 nm laser and the spectra were recorded using a spectrometer equipped with a liquid nitrogen cooled CCD camera. All the measurements presented here have been performed at T = 4.2 K.
